The substitution of non-native metal ions into metalloenzyme active sites is a common strategy for gaining insights into enzymatic structure and function. For some nonheme iron dioxygenases, replacement of the Fe(II) center with a redox-active, divalent transition metal (e.g., Mn, Co, Ni, Cu) gives rise to an enzyme with equal or greater activity than the wild-type enzyme. In this manuscript, we apply this metalsubstitution approach to synthetic models of the enzyme cysteine dioxygenase (CDO). CDO is a nonheme iron dioxygenase that initiates the catabolism of L-cysteine by converting this amino acid to the corresponding sulfinic acid. Two mononuclear Co(II) complexes (3 and 4) have been prepared with the general formula [Co 2+ (Tp R2 )(CysOEt)] (R = Ph (3) or Me (4); Tp R2 = hydrotris(pyrazol-1-yl)borate substituted with R-groups at the 3-and 5-positions, and CysOEt is the anion of L-cysteine ethyl ester). These Co(II) complexes mimic the active-site structure of substrate-bound CDO and are analogous to functional iron-based CDO models previously reported in the literature. Characterization with X-ray crystallography and/or 1 H NMR spectroscopy revealed that 3 and 4 possess five-coordinate structures featuring facially-coordinating Tp R2 and S,N-bidentate CysOEt ligands. The electronic properties of these high-spin (S = 3/2) complexes were interrogated with UV-visible absorption and X-band electron paramagnetic resonance (EPR) spectroscopies. The air-stable nature of complex 3 replicates the inactivity of cobalt-substituted CDO. In contrast, complex 4 reversibly binds O2 at reduced temperatures to yield an orange chromophore (4-O2). Spectroscopic (EPR, resonance Raman) and computational (density functional theory, DFT) analyses indicate that 4-O2 is a S = 1/2 species featuring a low-spin Co(III) center bound to an end-on (η 1 ) superoxo ligand. DFT calculations were used to evaluate the energetics of key steps in the reaction mechanism. Collectively, these results have elucidated the role of electronic factors (e.g., spinstate, d-electron count, metal-ligand covalency) in facilitating O2 activation and S-dioxygenation in CDO and related models.
Introduction
Mononuclear nonheme iron dioxygenases (MNIDs) play critical roles in amino acid metabolism, 1-7 the synthesis of complex natural products, 8, 9 and the bioremediation of organic pollutants by soil bacteria. [10] [11] [12] [13] [14] [15] The active sites of most O2-activating MNIDs feature an Fe(ii) center bound to the "2-histidine-1-carboxylate facial triad" of protein residues; [16] [17] [18] however, in a handful of cases, the carboxylate donor (Asp or Glu) is replaced by a third His ligand. [19] [20] [21] The first MNID to exhibit this "3His facial triad" motif in a crystal structure was cysteine dioxygenase (CDO), which initiates the catabolism of l-cysteine (Cys) by catalyzing its conversion to the corresponding sulfinic acid (Scheme 1). 22, 23 CDO is essential for regulating the cellular concentration of exogenous Cys, and diminished levels of CDO activity may contribute to the development of neurological disorders in humans. [24] [25] [26] [27] Recent studies have demonstrated that the expression of CDO suppresses the growth of tumors, and downregulation of the CDO gene was observed in cancer cell lines. 28 Unlike other MNIDs that are active with non-native metal ions (e.g., Co or Mn), 29 CDO functions exclusively with iron; indeed, addition of Co(ii) salts inhibits CDO by displacing the Fe(ii) center from the active site. 30 Scheme 1 Reaction catalyzed by CDO.
Experimental and computational studies have contributed to the proposed CDO mechanism shown in Scheme 2, although questions regarding the nature of key intermediates remain. Crystal structures of mammalian CDO have revealed that Cys coordinates directly to the Fe(ii) center in a bidentate manner via its thiolate and amine donors, while the carboxylate moiety is stabilized through hydrogen bonds to a second-sphere Arg residue. [31] [32] [33] Using nitric oxide (NO) as a mechanistic probe, it was established that the enzyme follows an ordered mechanism in which Cys coordination precedes the binding of NO (and, presumably, O2) . 34 The spin state and electronic structure of the resulting Fe/O2 adduct (A; Scheme 2) are currently matters of debate. 35, 36 It has been proposed that O2 coordination triggers partial oxidation of the thiolate substrate (A′), but the degree of thiyl radical character is uncertain. Unpaired spin density on the S-atom is expected to facilitate formation of a short-lived Fe-O-O-S intermediate (B) . In the following step, the O-O bond is cleaved to yield an oxoiron(iv) species (C) bound to a -S(O)R ligand. [36] [37] [38] [39] [40] Subsequent O-atom transfer to the sulfenate ligand generates the dioxygenated product bound to an Fe(ii) center (D).
Scheme 2 Proposed catalytic cycle of CDO.
Our understanding of CDO catalysis has been advanced through the development of synthetic models that replicate key features of the enzyme active site. [41] [42] [43] [44] [45] [46] [47] [48] In 2012, the Limberg group reported the fivecoordinate complex [Fe(Tp Ph,Me )(CysOEt)] (1), where Tp Ph,Me is hydrotris(3-phenyl-5-methylpyrazolyl)borate and CysOEt is the anion of l-cysteine ethyl ester (Scheme 3). 46 More recently, our group employed the tris(4,5-diphenylimidazol-2-yl)phosphine chelate (2-TIP Ph2 ; Scheme 3) to generate the related CDO mimic [Fe(2-TIP Ph2 )(CysOEt)]BPh4 (2) . 49 The 2-TIP Ph2 and Tp Ph,Me supporting ligands both replicate the facial N3 coordination of the 3His triad, but the former matches the neutral charge of the enzymatic environment. Complexes 1and 2 are pale yellow due to the presence of overlapping S → Fe(ii) charge transfer (CT) transitions in the near UV region, which we deconvoluted with the aid of MCD spectroscopy. These CT bands decay slowly upon treatment of 1 or 2 with excess O2 at room temperature following pseudo first-order kinetics. Interestingly, our studies found that the rate of reaction is nearly independent of supporting ligand (Tp Ph,Me or 2-TIP Ph2 ). The observed spectral changes are indicative of sulfur oxidation, and the sulfinic acid products were detected by 1 H NMR spectroscopy. Therefore, complexes 1 and 2 serve as structural and functional models of CDO.
bipyramidal, as reflected in the average tau-value of 0.60. 67, 68 The Co-NTp bond distances, ranging between 2.08 and 2.20 Å, are characteristic of high-spin Co(ii) complexes and similar to those exhibited by complex 1 ( Table 1) . The Co-S1 and Co-N7 distances involving the CysOEt ligand, however, are shorter than their counterparts in 1 by 0.055 and 0.085 Å, respectively, perhaps due to the smaller ionic radius of Co(ii) compared to Fe(ii). Fig. 1 Thermal ellipsoid plot (50% probability) derived from the X-ray crystal structure of 3. Most hydrogen atoms have been omitted for clarity. Table 1 Selected bond distances (Å) and bond angles (°) for complexes 1 and 3 as determined by X-ray diffraction (XRD) and DFT calculations Our repeated efforts to grow X-ray quality crystals of 4 were not successful. However, we are confident that complexes 3 and 4 share the same general [Co(Tp R2 )(CysOEt)] structure based on similarities between their spectroscopic profiles. The UV-vis absorption and EPR features of both complexes are discussed in the following sections. Here, we focus first on 1 H NMR spectra of 3-5 measured at room temperature in CDCl3 solutions. The spectrum of [Co(Tp Me2 )(OAc)] (5) provides a helpful starting point. As shown in Fig. 2 , complex 5 exhibits peaks arising from the 3-Me and 5-Me pyrazole substituents at −41 and 35 ppm, respectively, while the 4-pyrazole protons appear at 62 ppm. These chemical shifts are consistent with previously-reported spectra of Tp-based Co(ii) complexes. 69, 70 The spectrum of 4 is more complex; in addition to the four Tp Me2 -derived features, it displays a series of peaks arising from the CysOEt ligand (marked with the black dots in Fig. 2 ). Based on integrations, the resonances at −5.3, −6.6, and −48 ppm (1H each) are assigned to the three protons attached to the Cα and Cβ atoms of CysOEt. The peaks at −4.1 (3H) and 1.3 (2H) ppm are then attributed to the -CH3 and -OCH2-units, respectively, of the ethoxide moiety. The same pattern of CysOEt-derived peaks is observed in the spectrum of 3 with only minor deviations in δ-values ( Fig. 2; see inset) , proving that the coordination geometries of 3 and 4 are equivalent. The Tp Ph2 -based features of 3 were assigned through comparisons to spectra reported for related complexes. [71] [72] [73] It is notable that, for each complex, the three pyrazole rings are spectroscopically equivalent in solution, suggesting that the positions of the acetate (5) or CysOEt (3 and 4) ligands are dynamically averaged on the NMR time scale. Fig. 2 1 H NMR spectra of complexes 3 (top, red), 4 (middle, blue), and 5 (bottom, black) in CDCl3 at room temperature. Spectra were referenced using residual solvents peaks (indicated by *) and tetramethylsilane (indicated by ▲). Peaks marked with black dots (•) arise from the CysOEt ligand of 3 and 4. As indicated on the figure, some peak intensities were increased for the sake of clarity.
Electronic properties of [Co(Tp R2 )(CysOEt)] (R = Me, Ph): absorption spectroscopy and timedependent DFT Electronic absorption spectra of complexes 3-5, measured in CH2Cl2 at room temperature, are presented in Fig. 3 . All three complexes exhibit a series of features in the 500-1100 nm region ( Fig. 3 ; inset) that arise from Co(ii) ligand field (d-d) transitions, as evidenced by their low intensities (ε < 150 M −1 cm −1 ). Following assignments reported for other trigonal bipyramidal Co(ii) complexes, [74] [75] [76] the closely-spaced peaks between 500 and 650 nm are attributed to transitions from the 4 T1g(F) ground-state in the parent Oh symmetry to components of the 4 T1g(P) excited state. The weaker bands at ∼680 and 900 nm in the spectra of 3 and 4 are then assigned to components of the lower-energy 4 T2g(F) term that split dramatically in low-symmetry environments. 74, 75 The ligand-field (LF) features of 3 and 4 are strikingly similar, providing further confirmation that these two complexes possess nearly identical Co(ii) coordination geometries. Fig. 3 Electronic absorption spectra of Co(ii) complexes 3-5 measured at room temperature in CH2Cl2. Inset: Ligandfield transition observed in the visible region; spectra are offset along the y-axis for the sake of clarity.
In addition to the LF features, complexes 3 and 4 exhibit two peaks of greater intensity in the near UVregion (349 and 438 nm for 3; 328 and 395 nm for 4; see Fig. 3 ); a third band appears as a shoulder on the more intense feature. These bands, which are absent in the absorption spectrum of 5, arise from S → Co(ii) charge transfer (CT) transitions. This assignment is supported by time-dependent DFT calculations (discussed below) and literature precedents. [77] [78] [79] The CT bands of 4 are blue-shifted by ∼2000 cm −1 relative to those observed for 3, reflecting the ability of the 3,5-pyrazole substituents to modulate the donor strength of the Tp R2 scaffold. Our results indicate that changes to the Tp ligand cause the energies of the cobalt d-orbitals to shift uniformly; hence, the LF transition energies -unlike the CT transition energies -are largely unaffected by replacement of Tp Me2 with Tp Ph2 .
DFT methods provided further insights into the electronic structures of the Co-CDO models. Using a truncated version of the crystallographic structure of 3 as a starting point, geometry optimization yielded a computational model that accurately reproduces the experimental Co-N/S bond angles and distances (Table 1) . This model was applied to time-dependent DFT (TD-DFT) studies employing the cam-B3LYP range-separated hybrid functional. 80 In agreement with the experimental data, the TD-DFT computed spectrum ( (Fig. 4 ). Electron density difference maps indicate that the lowest-energy CT band arises from a Sπ → Co(dx 2 −y 2 ) transition that lacks significant intensity due to poor orbital overlap. In contrast, the more intense CT band in the UV region exhibits Sσ → Co(ii) (σ → σ*) character. Similar assignments were made for the series of S → Fe(ii) CT transitions observed in our previous study of Fe(ii)-based models 1 and 2. 49 is that samples of 4 exhibit a sharp derivative-shaped feature in the g = 2 region (B ∼ 3350 G) due to a small amount of the dioxygenated complex 4-O2 (vide supra); this feature has been truncated in Fig. 5 for the sake of clarity. To rule out the possibility that some of the observed resonances are due to residual amounts of the precursor complexes, EPR spectra of [Co(Tp Ph2 )(OAc)(Hpz Ph2 )] and 5 were collected under identical conditions. Based on the resulting spectra, it was verified that cobalt-acetate impurities do not contribute to the EPR spectra of 3 and 4. The simulated EPR spectra (red lines in Fig. 5 ) nicely reproduce the key features of the experimental data. The spin-Hamiltonian parameters derived from these simulations ( Table 2) Table 2 . Inset: Expansion of the low-field region. Simulated contributions from the ms = ±1/2 and ±3/2 doublets are shown in red. The EPR spectra of 3 and 4 are dominated by features arising from the ms = ±3/2 doublet of the S = 3/2 manifold, indicative of a negative axial zero-field-splitting (zfs) term (i.e., D < 0). The ms = ±3/2 doublet is responsible for the broad band at high field (g ∼ 0.9), the derivative signal centered at g = 1.3, and the lowfield peak near g = 8. The latter displays hyperfine splitting from the 59 Co nucleus (I = 7/2), in addition to poorly-resolved superhyperfine structure from a single nitrogen atom ( Fig. 5; inset) . Signals from the higher-energy ms = ±1/2 doublet are also evident in both spectra, namely, the derivative-shaped feature at g = 3.4 and the broad band at g = 4.9. The simulated spectra in the inset of Fig. 5 depict the respective contributions of the ms= ±1/2 and ±3/2 doublets to the low-field features in the spectrum of 4. The diminished intensity of the ms = ±1/2 resonances in the spectrum of 3 reflects the more negative D-value (−14 cm −1 ) of this complex compared to 4 (−9 cm −1 ; Table 2 ). Both species exhibit moderate rhombicity with E/D-values near 0.16 (E is the rhombic zfs term), suggesting that the distorted N4S coordination environment observed in the solid-state is maintained in solution. For reasons that are not clear to us, there are modest differences between the g-tensors of 3 and 4 (Table 2) ; regardless, both sets of g-values are comparable to those previously-reported for related Co(ii) complexes. 69, 81 Electrochemical studies of [Co(Tp R2 )(CysOEt)] (R = Me, Ph)
The redox properties of 3 and 4were measured in CH2Cl2 solutions with 0.1 M [NBu4]PF6 as the supporting electrolyte. The resulting cyclic voltammograms (CV), shown in Fig. 6 , were referenced to the ferrocenium/ferrocene couple (Fc + /Fc). Both complexes exhibit a single redox event that corresponds to one-electron oxidation of the Co(ii) center. The redox couple observed for 3 is quasi-reversible (ΔE = 135 mV) whereas 4 displays greater splitting between cathodic and anodic peaks (ΔE = 370 mV). Comparison of redox potentials (E1/2 = +0.01 and −0.23 for 3 and4, respectively) indicates that the Co(iii/ii) potential is sensitive to the identity of the pyrazole substituents, as replacement of Tp Me2 with Tp Ph2 causes a shift of +240 mV. These results are consistent with the trend in S → Co(ii) CT energies noted above. The ability of the Tp Me2 ligand to depress the Co(ii/iii) potential likely enhances the reactivity of 4 towards O2, as described in the next section. Dioxygen reactivity of complexes 3 and 4
Formation of a cobalt-dioxygen adduct (4-O2) -spectroscopic and computational studies
The absorption features of 3 in CH2Cl2 remain unchanged after several days of exposure to O2at room temperature. The stability of 3 in air is not due to steric factors, as its iron congener (1) reacts with O2 to yield the sulfinic acid derivative of CysOEt. 46 Moreover, our previous spectroscopic studies demonstrated that both 1 and 2 are able to bind nitric oxide (NO), proving that Tp Ph,Me and 2-TIP Ph2 supporting ligands cannot prevent O2 from accessing the M(ii) center. 49 Although complex 3 features a Tp Ph2 ligand instead of Tp Ph,Me , the identity of the 5-substituent is not expected to impact small molecule binding due to its distance from the metal ion. Thus, the side-by-side comparison of complexes 1 and 3 suggests that Co(ii)
is intrinsicallyless capable than Fe(ii) of activating O2 for S-dioxygenation in this particular ligand environment.
Whereas 3 is unreactive towards O2 under all conditions tested, treatment of complex 4 with O2 at low temperatures generates an orange intermediate (4-O2) with absorption bands at 385 and 483 nm (Fig. 7) . Formation of 4-O2 is apparent at temperatures as high as −20 °C, but complete conversion requires temperatures below −70 °C. Bubbling argon through cooled solutions of 4-O2, or warming the sample to room temperature, causes the original Co(ii) spectrum to fully reappear, indicative of reversible O2 binding. The inset of Fig. 7 highlights the reversibility of this process by depicting the formation and disappearance of the 4-O2chromophore during three successive cycles of O2 and Ar purges. The geometric and electronic structures of 4-O2 were probed with spectroscopic methods. The X-band EPR spectrum of 4-O2, measured in frozen CH2Cl2 at 60 K, exhibits a quasi-axial S= 1/2 signal with g-values of 2.10, 2.02, and 1.98 (Fig. 8) . The hyperfine splitting from the 59 Co nucleus is clearly evident in the gz-region of the second-harmonic spectrum, whereas hyperfine splitting within the gy-component is less clearly resolved. The small magnitude of the 59 Co hyperfine splitting (Az = 22 G; compared to 106 G for 4) indicates that the unpaired electron is not localized on the cobalt center. Instead, the EPR features resemble those previously-reported for mononuclear, low-spin cobalt(iii)-superoxide species. 57, 64, [82] [83] [84] [85] This conclusion is confirmed by rRaman measurements that provide definitive proof of Co/O2adduct formation.
Spectra of 4-O2 collected with 501.7 nm laser excitation ( The bonding description provided by DFT is consistent with the spectroscopic data. The computed g-values of 2.041, 2.006, and 1.989 replicate the quasi-axial nature of the experimental g-tensor, although the gzvalue is underestimated by DFT. The calculations predict a 59 Co Az-value of 13 G, in line with the dramatic decrease in 59 Co hyperfine splitting upon O2 binding. Similarly, TD-DFT calculations yielded a computed absorption spectrum that nicely reproduces the energies and relative intensities of the major features of the experimental 4-O2 spectrum (Fig. S2 †) . Based on analysis of the TD-DFT results, the band near 480 nm is assigned to overlapping O2˙−(πop*) → Co(3d) CT transitions, while the feature around 385 nm arises primarily from Sπ → Co(3d) CT transitions.
DFT-computed mechanisms of sulfur dioxygenation by Co-and Fe-CDO models
Reaction mechanisms were examined with DFT methods to better understand the relative abilities of the Co-and Fe-CDO models to activate O2 for S-dioxygenation. To this end, we have calculated the potential energies of intermediates and transition-states for the reaction of complex 4 with O2 on both the S = 1/2 and 3/2 surfaces. The potential energy surfaces (PES's) are shown in Fig. 11 alongside the analogous PES previously-reported (by us) for Fe-containing 1 along the lowest-energy S = 2 surface. 49 Each set of calculations employed the PBE0 hybrid functional with 10% HF exchange, which provides reliable geometries and energies for species derived from the reaction of O2 with transition-metal complexes. 90, 91 Fig The initial step involves coordination of O2 to yield a six-coordinate M/O2 species (A M,S ; where M is the metal ion and S is the spin state). Due to exchange interactions between the unpaired electrons of O2 and the Co(ii) center, three spin-states are possible for the A Co species: S = 1/2, 3/2, and 5/2. Attempts to optimize the A Co, S=5/2 structure failed, however, due to dissociation of the O2 ligand; thus, the S = 5/2 surface was not considered further. In agreement with experiment, DFT predicts a low-spin (S = 1/2) ground state for 4-O2. The entropic contribution to O2 binding is unfavorable for both the S = 3/2 and 1/2 states (−TΔS = 14 ± 2 kcal mol −1 at 298 K; see Table S1 †), as expected for a bimolecular reaction. Yet the enthalpic terms for the formation of A Co, S=3/2 and A Co, S=1/2 are quite different with computed values of +2.9 and −10.4 kcal mol −1 , respectively. Thus, as temperature decreases, the O2 binding equilibrium shifts towards formation of the low-spin Co/O2 adduct, consistent with our observation of 4-O2 at T< −20 °C.
The role of ligand sterics in modulating the O2 affinity of our Co-CDO models was also probed computationally. Analysis of the geometry-optimized model of 3-O2 indicates that the phenyl rings of the Tp Ph2 ligand prevent the superoxo ligand from forming a strong hydrogen bond with the -NH2 moiety of CysOEt. The loss of this stabilizing interaction diminishes the enthalpic driving force for O2 binding to 3, thus accounting for the fact that O2 binding to 3 is not observed even at low temperatures (−80 °C). to the S = 3/2 surface, which is kinetically unfavorable. The DFT results therefore account for the stability of 4-O2 at low temperature. It is also noteworthy that, regardless of spin state, substitution of Co for Fe raises the activation barrier for the rate-determining step by nearly 4 kcal mol −1 , in accordance with our experimental finding that Fe-CDO models are much more reactive towards O2 than their Co counterparts. S=2 and A Co, S=3/2 , respectively, allows unpaired spin density to delocalize onto the thiolate ligand via metal-sulfur covalency. In contrast, the lack of unpairedspin density on the S-atom of A Co, S=1/2 , which accounts for the large TS1 activation barrier on the S = 1/2 surface, is due the low-spin (S = 0) nature of its Co(iii) center (vide supra). (Fig. 11 ). Heterolytic cleavage of the O-O bond yields either an iron(iv)-oxo (C Fe,S=2 ) or cobalt(iii)-oxyl (C Co, S=1/2 and C Co, S=3/2 ) species featuring a sulfenate ligand. This step is followed by insertion of the oxo/oxyl group into the metal-sulfur bond to generate the sulfinate product bound to the M(ii) center (D).
Each step in the reaction mechanism after formation of the cyclic M-O-O-S intermediate (B) is exergonic
The relative energies of intermediates B through D, as well as TS2 and TS3, follow the same Fe (S = 2) < Co (S = 3/2) < Co (S = 1/2) pattern. Thus, the S-dioxygenation mechanism is most facile for the Fe-CDO model, consistent with our experimental observations.
Conclusions
In this manuscript, we have reported the synthesis of two mononuclear Co(ii) complexes (3 and 4) that serve as active-site mimics of cobalt-substituted CDO. Characterization with X-ray crystallography and/or 1 H NMR spectroscopy confirmed that 3 and 4 possess the intended 5C [Co(Tp R2 )(CysOEt)] structure in which the CysOEt "substrate" coordinates in a S,N-bidentate manner. The facially-coordinating Tp R2 supporting ligands reproduce the 3His triad found in CDO active sites. Both complexes are brightly colored due to the presence of LF bands in the visible region and multiple S → Co(ii) peaks in the near-UV region. The X-band EPR spectra of 3and 4 display an abundance of features across a wide field range. These resonances arise from intra-Kramers transitions within both doublets (ms = ±3/2 and ±1/2) of the S = 3/2 ground state. Simulation of the experimental data provided spin-Hamiltonian parameters for 3 and 4 that are consistent with distorted 5C geometries.
Complex 3 represents the cobalt analog of the previously-reported Fe-based CDO model 1, which was shown to react with O2 to yield the sulfinic acid of CysOEt. 46 In contrast, 3 is unreactive towards O2 over the span of multiple days, thereby replicating the inactivity of Co-substituted CDO. The O2 affinity of the Co(ii) center, however, is somewhat dependent on the steric profile and donor strength of the Tp R2 supporting ligand. Complex 4, which features the less bulky and more electron-donating Tp Me2 ligand, reversibly binds O2 at reduced temperatures to yield a low-spin (S = 1/2) Co/O2 adduct (4-O2), as verified by EPR and rRaman spectroscopies. Similar Co/O2 intermediates have been implicated in the mechanisms of biological and synthetic oxidation catalysts. The relative stability of 4-O2 is due to two factors: (i) the nearly complete electron transfer from Co(ii) to O2, which generates a kinetically-inert low-spin Co(iii) center bound to a superoxide anion, and (ii) the hydrogen bond between superoxide and the -NH2 group of CysOEt.
The putative O2 activation mechanisms of the Co-and Fe-CDO models were further probed with DFT computations. These calculations revealed that the low-spin Co/O2 species (i.e., 4-O2) represents a mechanistic "dead-end", as the barrier leading to formation of the S-O bond in the next step is very high (>30 kcal mol −1 ). In contrast, the less stable high-spin Co/O2 (S = 3/2) and Fe/O2 (S = 2) adducts delocalize spin density onto CysOEt ligand via metal-thiolate covalency, resulting in a significant degree of S-radical character that lowers the transition-state barrier to S-O bond formation. In many respects, the 4-O2 intermediate resembles the Co/O2species observed in studies of cobalt-substituted homoprotocatechuate dioxygenase (Co-HPCD) that employed the electron-poor substrate, 4-nitrocatechol (4-NC). Exposure of Co-HPCD/4-NC to O2 generates a S = 1/2 cobalt(iii)-superoxo adduct with EPR features similar to those reported for 4-O2. 57 While the Co-HPCD/4-NC/O2 species decays to give to the ring-cleaved product, the rate is seven orders of magnitude slower than the analogous reaction with Fe-HPCD/4-NC. The lower activity of Co-HPCD relative to Fe-HPCP has been attributed to a lack of semiquinone (SQ) radical character in the Co-HPCD/4-NC/O2 species 57,58 -a hypothesis that parallels our explanation for the contrasting reactivities of Co-and Fe-CDO models towards O2. Interestingly, under conditions of O2 saturation, the activity of Co-HPCD with the native homoprotocatechuate substrate is actually greater than the activity of Fe-HPCD. Although intermediates have not been observed in this case, DFT calculations suggested that use of the more electron-rich substrate yields a high-spin O2˙−/Co(ii)/SQ intermediate with S = 3/2, which encourages formation of the Co-O-O-C intermediate. 92 In summary, the results presented here suggest that HPCD and CDO operate via similar mechanisms that each require full (or partial) oxidation of the bound substrate upon O2 binding, thereby permitting facile reaction with the superoxo ligand. The inactivity of Co-CDO is attributed to the lack of unpaired spindensity present on the thiolate donor of the low-spin Co/O2 adduct. Moreover, our findings support the conclusion that Co-substituted forms of MNIDs only exhibit activity comparable to the native Fe enzymes in cases when high-spin Co/O2 intermediates are energetically accessible.
Experimental Materials
All reagents and solvents were purchased from commercial sources and used as received, unless otherwise noted. Dichloromethane (CH2Cl2) and acetonitrile (MeCN) were purified and dried using a Vacuum Atmospheres solvent purification system and stored under N2. The synthesis and handling of air-sensitive materials were performed under inert atmosphere using a Vacuum Atmospheres Omni-Lab glovebox. The ligand K(Tp Ph2 ) was prepared according to a literature procedure. 93 Physical methods UV-vis absorption spectra were collected with an Agilent 8453 diode array spectrometer attached to a cryostat manufactured by Unisoku Scientific Instruments (Osaka, Japan) for measurements at reduced temperatures. Infrared (IR) spectra were collected with a Nicolet Magna-IR 560 spectrometer. X-band EPR spectra were measured using a Bruker EMXplus instrument equipped with an ER4416DM cavity, an Oxford Instruments ESR900 helium flow cryostat, and Oxford Instruments ITC503 temperature controller. Simulations of the experimental EPR spectra were performed using the program EasySpin (version 5). 941 H NMR samples were prepared in deuterated solvents and spectra were recorded on a Varian 400 MHz spectrometer. Cyclic voltammograms were measured in the glovebox with an epsilon EC potentiostat (iBAS) at a scan rate of 200 mV s −1 with 0.1 M [NBu4]PF6 electrolyte. The three-electrode cell consisted of a Ag/AgCl reference electrode, a platinum auxiliary electrode, and a glassy carbon working electrode. Under these conditions, the ferrocene/ferrocenium (Fc +/0 ) couple has an E1/2 value of +0.51 V in CH2Cl2.
Elemental analyses were performed at Midwest Microlab, LLC in Indianapolis, IN.
Synthesis of [Co(Tp Me2 )(OAc)] (5) Using a modified literature procedure, 95 Co(OAc)2·4H2O (0.747 g, 3.0 mmol) was dissolved in MeOH (20 mL) and a solution of K( Me2 Tp) (0.673 g, 2.0 mmol) in THF (20 mL) was added dropwise. After the addition was complete, the solution was filtered and the solvent removed under vacuum. The product was then extracted with CH2Cl2 and dried under vacuum, followed by another extraction with MeCN. Removal of solvent en vacuo provided a purple solid that was taken up in CH2Cl2, filtered, and layered with pentane.
Crystalline purple solid formed after one day. Yield = 400 mg (48% X-ray crystallography X-ray crystal structures were obtained at 100 K with an Oxford Diffraction SuperNova kappadiffractometer (Rigaku Corp.) equipped with dual Cu/Mo X-ray sources, X-ray mirror optics, an Atlas CCD detector, and a low-temperature Cryojet device. The data were processed with the CrysAlis Pro program package, followed by numerical absorption correction based on Gaussian integration over a multifaceted crystal model. The empirical absorption correction, using spherical harmonics, was implemented in the SCALE3 ABSPACK scaling algorithm. Structures were solved using the SHELXS program and refined with the SHELXL program 96 as part of the Olex2 crystallographic package. 97 X-ray diffraction parameters are summarized below; CCDC 1545173 and 1545174 contain the supplementary crystallographic data (CIF files) for complexes 3 and 5, respectively, reported in this paper. 
Resonance Raman (rRaman) experiments
To prepare rRaman samples of 4-O2, solutions of 4 in CD2Cl2 (conc. = 6.9 mM) were added to NMR tubes and attached to a Schlenk line. The tubes were cooled to −78 °C and several vacuum/argon cycles were performed, followed by exposure to gaseous dioxygen ( 16 O2 or 18 O2). After mixing with a Vortex stirrer, the 4-O2 samples were frozen in liquid N2 and detached from the Schlenk line. The rRaman data were measured using 501.7 nm excitation from a Coherent I-305 Ar + laser (∼10 mW of power at the sample). The light scattered from the frozen samples (77 K) was collected using a 135° backscattering arrangement and dispersed by an Acton Research triple monochromator featuring a 1200 groves per mm grating. The scattered light was detected with a Princeton Instruments Spec X 100BR deep depletion, back-thinned CCD camera.
Density functional theory (DFT) computations
DFT calculations were performed with the ORCA 3.0 software package developed by Dr F. Neese (MPI for Chemical Energy Conversion). 98 All calculations employed the spin-unrestricted formalism, unless otherwise noted. Geometries were optimized with the Perdew-Burke-Ernzerhof (PBE0) hybrid functional 99 with 10% Hartree-Fock exchange. Calculations utilized Ahlrichs' valence triple-ζ basis set (TZV) and polarization functions on main-group and transition-metal elements (default-basis 3 in ORCA). [100] [101] [102] The computational costs were reduced through the resolution of identity and chain of sphere (RIJCOSX) approximation 103 in tandem with the TZV/J auxiliary basis set. 104 The unrestrained optimizations used modified versions of the X-ray crystal structures of 1 and 3 as starting points. In most cases, the Tp R2 supporting ligand was truncated to hydrotris(3-methylpyrazolyl)borate (i.e., Tp Me,H ); however, studies of O2 binding to complex 3 employed a Tp Ph,H ligand instead. The models omit the ethyl ester moieties of the CysOEt ligand, as previous calculations indicated that this group has little impact on molecular geometries, electronic structures, or relative energies. All optimized structures correspond to local energy minima with only real vibrational frequencies. The transition states were located by performing a relaxed surface scan along the bond being formed (or broken); the existence of the transition state was confirmed by the presence of one imaginary frequency corresponding to the bond forming (or breaking) mode. Frequency calculations provided zero-point energies, thermal corrections, and entropy terms (vibrational, rotational, and translational). Cartesian coordinates for all energy-minimized and transition-state structures are provided in the ESI (Tables S2-25 †) .
Time-dependent DFT (TD-DFT) calculations employed the cam-B3LYP range-separated hybrid functional, 80 which has been shown to provide good agreement between experimental and TD-DFT computed absorption spectra for CDO. 105 Absorption energies and intensities were computed for 40 excited states with the Tamm-Dancoff approximation. 106, 107 EPR g-values were calculated by solving the coupledperturbed self-consistent field (CP-SCF) equations. [108] [109] [110] [111] Isosurface plots of molecular orbitals were prepared using the ChemCraft program.
